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Abstract 
Tin-doped indium oxide (ITO) deposited by vacuum process with excellent optical and electrical properties have 
been generally used as transparent conductive oxide thin films. In view of high cost and difficulty in recycles for 
vacuum process, zinc oxide films synthesized by wet chemical process are therefore regarded as a more suitable 
candidate to replace ITO. In this work, sol-gel method was used to synthesize transparent aluminum-doped zinc oxide 
(ZnO:Al, AZO) with 450 nm thickness for large scale production of CIGS solar cell. The experimental parameters 
included different solvents, the propylene glycol methyl ether (PGME) to replace the usually used solvent ethylene 
glycol monomethyl ether (EGME) which is toxic, the amount of Al dopant (ranged from 0 to 2 at%), and various 
annealing temperatures. The structure, electrical and optical properties of AZO thin films are investigated by a field 
emission scanning electron microscope (FE-SEM), transmission electron microscope (TEM), X-ray diffractometer 
(XRD), four-point probe (FPP) and ultraviolet visible light spectroscope (UV-VIS) etc. The experimental results 
showed that the AZO films were wurtzite crystalline with c-axis preferred orientation and had > 85% transmittance 
and lower electrical resistivity after annealed in N2 atmosphere. The optimum AZO samples had low electrical 
resistivity of 1.94×10-2 ȍ-cm, which were synthesized with PGME solvent, 1 at% Al-doping and annealed at 600 к 
in N2 atmosphere and 500 к in 95 N2/5 H2 atmosphere for one hour, separately.  
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1. Introduction 
The fast developments of electro-optical semiconductor accompany human needs more and more, not 
only the decrease in the dimension of elements in design, and the demand of more user-friendly and 
convenience. The related researches have been studied and proposed continuously, among these 
researches the transparent conductive oxide (TCO) films are popularly used in electro-optical devices. 
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TCO film is regarded as a film having average transmittance value ˚ 80%, high electric conductivity, 
and low resistivity of  1×10-3 ȍ-cm. 
TCO are generally classified in N-type and P-type according to its electric property, and could be 
subdivided into three kinds, i.e. doping type, binary and ternary compounds. Among these TCO, doping 
type is very common, e.g. Sb-or F-doped SnO2, Sn-doped In2O3, and Al-or Ga-doped ZnO [2-4]. There 
are many methods to prepare TCO, e.g. physical methods include physical vapor deposition (PVD), 
electron beam deposition (EBD), sputtering, thermal evaporation deposition, pulsed laser deposition 
(PLD) and chemical methods include chemical vapor deposition (CVD), atomic layer epitaxy, spray 
pyrolysis, and sol-gel [5-12] etc. Among these methods, only magnetron sputter and sol-gel methods are 
suitable to be used in mass production. Especially, the magnetron sputter is popularly used in industry, 
due to its parameters could be exactly controlled. It is well known that magnetron sputter needs expensive 
vacuum equipment. Maintenance and target cost of magnetron sputter are also quite expensive. But the 
electric conductivity of TCO films with resistivity  10-4 ȍ·cm produced by magnetron sputter is better 
than those produced by sol-gel method. This problem needs to be overcome for sol-gel method [13-14].        
In the present work, sol-gel method is used to prepare the AZO films, due to merits of low processing 
temperature, easy operation, large scale production, and cost down for CIGS solar cell. EGME is 
generally used as a solvent to prepare Al-doped ZnO (AZO) by sol-gel method [15-17]. In view of the 
poison of EGME, it is harmful to human health even to environmental [18]. There are few reports to use 
PGME as a solvent. The present study is to synthesize AZO films by using PGME and investigate their 
microstructure, electric, and optical properties. 
2. Experimental  
AZO thin film was synthesized by the sol-gel method. Zinc acetate was used as a starting material. 
PGME and MEA were used as a solvent and stabilizer, respectively. Aluminum was doped by adding 
Al(NO3)3 into solution with various Al/Zn ratios, i. e. 0, 0.5, 1, 1.5, and 2 at%. A solution contains 0.75 M 
Zn2+ , which was prepared by adding exact amount of zinc acetate into PGME solvent, and the solution 
was stirred until completely dissolved, and then an equal amount of MEA was instilled drop by drop. 
Afterward, Al(NO3)3 was added and stirred fast for 1hr, and finally kept at room temperature for one day.  
 A soda lime glass as the substrate was rinsed with deionized water after each cleaning step. After 
dried in oven, the substrate was deposited with AZO film by spin coating in a series of 700 rpm for 10 sec, 
followed by 3000 rpm for 20 sec. After AZO film coating, the sample was then dried in an oven at 170 ć 
for 10 min. The coatings and firing cycles were repeated 10 times to attain films about 450 nm thickness. 
Finally, the AZO samples were first annealed at temperatures ranging from 450 to 650 ć  in an 
atmosphere of N2 and proceeded by second anneal at 500ć in an atmosphere of N2 + H2 (5 vol%) for one 
hour. The annealed AZO samples were characterized by a four-point probe for their sheet resistances, an 
X-ray diffractometer (Macscience Co Ltd., MO3X-HF) for their phases, a field-emission scanning 
electron microscope (FESEM) (JSM-7500F JEOL) for their surface morphologies, and UV-VIS 
transmittance spectra (Jasco V-670 Spectrophotometer) for optical spectra. The chemical composition and 
chemical state of the constituent elements of AZO film at room temperature were determined by X-ray 
Photoelectron spectroscopy (XPS) (ULVAC-PHI, PHI 5000 VersaProbe). 
3. Results and Discussion 
3.1 Effect of Al –dopant concentration 
Figure 1 shows the XRD patterns of AZO samples. The samples are crystalline of ZnO wurtzite phase 
and exhibit the hexagonal structure. The diffraction peaks of ZnO (002), (100) and (101) appear in all 
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XRD patterns, especially ZnO (002) dominates and the intensity decreases with increasing Al-dopant 
concentration. The reason maybe that Al ion replaces Zn ion or inserts into the interstitial site of ZnO 
lattice, which resulted in change of original lattice. The different amount of Al dopants ranged from 0 to 2 
at. % for AZO samples were observed by FE-SEM, and shown at Fig. 2. The plan views show that ZnO 
film was composed of island-like particles about 100 nm sizes and gradually forms a dense and uniform 
AZO film with increasing the amount of Al dopants. The cross sections show that the thickness of the 
deposited thin films is 450 nm.
 
Fig.1 XRD patterns of AZO samples doped with different Al content. 
 
Fig. 2 FESEM morphology of AZO samples doped with 0 (a), 0.5 (b), 1 (c), 1.5 (d), and 2 (e) at% Al. 
 
The Zn and O ratio of AZO films doped with 1 at % Al is 53.2/46.8, which was analyzed by XPS and 
the XPS spectra of O 1s, Zn 2p3/2, and Al 2p were shown at Fig. 3(a), (b) and (c), respectively. The 
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signals at binding energy of O 1s and Zn 2p3/2 are corresponding to Zn-O bond. The signals of Al 2p are 
observed at binding energy of 74.3 eV, which correspond to Al-O bond.  
Fig. 3 XPS spectra of O 1s (a), Zn 2p3/2 (b), and Al 2p (c) for AZO film doped with 1 at% Al. 
The optical properties of the AZO films have been measured in the range of 300-800 nm by UV-VIS 
spectra and are shown at Fig. 4(a). The transmittance values of AZO films are allЇ 80%. The band gaps 
(Eg) of AZO films, calculated by plotting the square of the product of adsorption coefficients in photon 
energy (Įhv)2 against photon energy (hv) are shown at Fig. 4 (b). The band energies were calculated by 
the extrapolation of the fitting line to the zero absorption coefficient, and the value of ZnO film is 3.26 eV, 
and AZO films are ranged from 3.27 to 3.28 eV. The relation of resistivity versus Al-dopant 
concentration for AZO samples which were first annealed at 600 к with an atmosphere of N2 for 1 hr and 
followed by second anneal at 500 к for 1 hr in a furnace with an atmosphere of N2 +H2 (5 vol%) are 
plotted in Fig. 5. The resistivity of ZnO film doped with Al is lower than ZnO sample and decreases after 
second anneal at 500 к for 1 hr in an atmosphere of  N2 +H2 (5 vol%). Among these AZO samples, AZO 
film doped with 1at % Al has the lowest resistivity of 1.94×10-2 ȍ-cm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4 The Transmittance of AZO films doped with different Al contents (a), and the plot of photon energy (Įhv)2 against photon 
energy (hv) (b). 
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Fig. 5 The resistivity versus Al-dopant concentration for AZO samples first annealed at 600 ć with an atmosphere of N2 for 1 hr 
and followed by second anneal at 500 ć for 1 hr in a furnace with an atmosphere of N2 + H2 (5 vol%). 
3.2 Effect of annealing temperature 
The former experimental results showed that AZO film doped with 1at % Al has!˚  80% 
transmittance in the range of 300-800 nm and low resistivity, the following experiments were focused 
only ZnO films doped with 1 at % Al (1 at% AZO) to investigate the effect of first annealing temperature. 
The 1 at % AZO samples were first annealed at various temperature in a furnace with an atmosphere of 
N2 for 1 hr and followed by second anneal at 500 ć for 1 hr in a furnace with an atmosphere of N2 +H2 (5 
vol %). Figure 6 and 7 show the XRD patterns and morphology of 1at% AZO samples, respectively. The 
diffraction peak of ZnO (002) appears as the preferred orientation in all XRD patterns, and their intensity 
increases with increase in annealing temperature. The morphologies of 1 at% AZO samples after 
annealing were observed by FE-SEM, and were shown at Fig. 7. The plan views show that AZO films, 
which were annealed at temperature from 450ć to 650 ćʿ were dense and consisted of grains about 30 
to 50 nm sizes. The cross sections show that the AZO film is uniform and about 450 nm thick.  
 
Fig. 6 XRD patterns of AZO sample doped with 1at % Al, first annealed at various temperatures with an atmosphere of N2 for 1 hr 
and followed by second anneal at 500 ć for 1 hr in a furnace with an atmosphere of N2 + H2 (5 vol%). 
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The optical properties of 1 at% AZO films annealed at various temperatures have been measured in the 
range of 300-800 nm by UV-VIS spectra and shown at Fig. 8. The transmittance values of 1 at% AZO 
films are all identical andЇ 85%. The relationship of resistivity versus annealing temperature for 1 at% 
AZO samples after one time annealing process and two times annealing process are shown in Fig. 8. The 
resistivity of 1 at% AZO film decreases with increase in annealing temperature until second anneal with 
an atmosphere of  N2 + H2 (5 vol%) at 600 ć for 1 hr, which has the lowest resistivity of 1.94×10-2 ȍ-cm. 
The resistivity of all first-annealed AZO samples decreased after second anneal with an atmosphere of N2 
+ H2 (5 vol%). The reason may be that the annealing atmosphere of H2 reacts with O to form vacancy of 
O, and result in improvement of conductivity. 
 
Fig. 7 FESEM morphology of 1at % Al-doped AZO samples first annealed at 450 (a), 500 (b), 550 (c), 600 (d), and 650 ć (e) for1 
hr in a furnace with an atmosphere of N2 and followed by second anneal at 500 ć for 1 hr in a furnace with an atmosphere of  N2 + 
H2 (5 vol%). 
 
Fig. 8 The resistivity versus first annealing temperatures at an atmosphere of N2 for 1 hr and followed by annealed again at 500 ć 
for 1 hr in a furnace with an atmosphere of N2 + H2 (5 vol%). 
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The optical properties of 1 at% AZO films annealed at various temperatures have been measured in the 
range of 300-800 nm by UV-VIS spectra and were shown at Fig. 9(a). The band gaps (Eg) of 1 at% AZO 
films calculated by plotting the square of the product of adsorption coefficients in photon energy (Įhv)2 
against photon energy (hv) are shown at Fig. 9 (b). The transmittance values of 1 at% AZO films are all 
identical andЇ 85%.  
 
 
Fig. 9 Transmittance of 1 at % AZO samples first annealed at various temperatures with an atmosphere of N2 for 1 hr  and followed 
by second anneal at 500 ć for 1 hr  in a furnace with an atmosphere of  N2 + H2 (5 vol%). The transmittance of AZO films (a), and 
the plot of photon energy (Įhv)2 against photon energy (hv) (b). 
4. Conclusions 
A dense and uniform AZO film could be synthesized by using PGME solvent. The AZO films exhibit 
HCP structure with preferred orientation (002). Regardless of Al-doped content and annealing 
temperature, the transmittance of all AZO samples are almost identical andЇ 85% in the range of 300-
800 nm wavelength. The resistivity of all first-annealed AZO samples decreases after second anneal with 
an atmosphere of N2 + H2 (5 vol%). The AZO sample doped with 1 at% Al has low resistivity of 1.94×10-
2 ȍ-cm, which was first annealed at 600ć in a furnace with an atmosphere of N2 for 1 hr and followed by 
second anneal at 500 ć for 1 hr in a furnace with an atmosphere of N2 + H2 (5 vol%). 
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